Abstract-Two novel short tapered leaky wave antenna (LWA) designs with a complementary split ring resonator (CSRR) structure are proposed in this paper. The CSRR structure is positioned at 1/4λ g away from the open-end edge of the LWA. For one of the antenna designs, the CSRR is placed at the ground plane; for the other one, the CSRR is placed on the antenna plane. The reflected wave caused by the open-end edge of the LWA is cancelled by the reflected wave caused by the CSRR, thus, the back lobe can be effectively suppressed. The length of these two short tapered LWAs with CSRR design is only 1.2λ g at 4.3 GHz. According to the measurement results, the impedance bandwidth is 650 MHz for 7 dB return loss, which covers the range from 4.3 GHz to 4.95 GHz. The back lobe can be suppressed effectively about more than 12 dB at the whole operating frequency band. The scanning range of the main beam is about 34 • , which cover the scanning angle from 10 • to 44 • .
INTRODUCTION
Leaky wave antennas (LWAs) have been studied for past several years. The first LWA prototype was presented by Menzel in 1978 [1] , which used an asymmetric feed line to excite the first higher order mode. Subsequently, Oliner and Lee proposed the complex propagation constant theory of the leaky mode in 1986 [2] . LWA has attracted considerable interest since its characteristics of narrow beamwidth, wideband bandwidth, frequency-scanning capability and fabrication simplicity [3] . Because of these advantages, LWAs are usually adopted in the satellite communication or scanning systems such as traffic control and collision avoidance system. Despite owning many advantages, the LWA still faces a major problem which is the trade-off between the back lobe and the length of the LWA. As well known, to obtain low back lobe and effective radiation, the length of an LWA is required about 4 ∼ 5λ 0 , which occupies considerable large size. Therefore, the length of an LWA is often reduced to shorter than 2λ 0 for the size consideration. However, the induced back lobes will be increased if the antenna length is shortened since most of the non-radiated power (or non-leaked power) is reflected at the open-end edge of the LWA.
For the back lobe suppression consideration of short length LWAs, several researches have been proposed with different approaches in recent years. One of the approaches reuse the non-radiated power to suppress the reflected power which causes the back lobe [4] [5] [6] . This method can suppress the back lobe more than 10 dB; however, this method makes the antenna design become more complicated. Another approach to suppress the back lobe is disturbing the current distribution at the open-end edge of the LWA to reduce the backward reflected power and guiding the non-radiated power to ground plane [7] . This approach improved the back lobe level better than 10 dB at lower operating frequency, but the back lobe was suppressed about only 6 dB in higher operating frequency band. For another approach to improve the back lobe level, several studies are using tapered structure [8] [9] [10] . This method also modifies the current distribution by the sections with different widths. Moreover, the slot structure is used to improve the back lobe level in [8, 9] . However, the back lobe at higher operating frequency range is still an issue, and the side lobe at lower half plane is induced simultaneously. Here, in this paper, the complementary split ring resonator (CSRR) structure is adopted to modify the current distribution of the LWA at higher operating frequency.
Recently, the CSRR structure has attracted great interest in the microwave circuit and antenna designs. Demonstrating the characteristic in [11] , the CSRR is the dual counterpart of the split ring resonator (SRR) which is first proposed by Pendry et al. [12] . The CSRR structure provides a negative effective permittivity to the structure, which is used to be left-handed (LH) metamaterials. Besides, the signal propagation is precluded in the CSRR structure when operating at the resonant frequency. Due to these characteristics, some research using the CSRR structure to implement the composite right/left handed (CRLH) structure [13] . For the resonance characteristic of the CSRR structure, there are several applications in band-pass filter [14] [15] [16] and low-pass filter design [17] . Another application for antenna design is using CSRR structure to reject unwanted frequency band in wide bandwidth antenna design [18] . Moreover, the CSRR structure is also used in other antenna designs to achieve size miniaturization [19] [20] [21] .
In this paper, two designs for back lobe suppression are demonstrated. Both of them are short tapered leaky wave antennas embedded with the CSRR structure. The difference between the two designs is the location of the CSRR. This design method can suppress the back lobe of the LWA effectively. The back lobe level can be better than 12 dB at the whole operating frequency band. The design procedure of the proposed antennas is discussed in Section 2. The parameters discussion and comparison results are also demonstrated in this section. The measurement results are illustrated in Section 3. Finally, the conclusion is given in Section 4.
ANTENNA DESIGN
The concepts of the proposed antennas are discussed in this section which is divided into three subsections. First, the conventional LWA will be briefly introduced, and the tapering structure is utilized to improve the performance of the LWAs. Next, the second subsection proposes the CSRR structure which is the most significant design method of this paper. The last subsection demonstrates the proposed LWAs with parameters discussion.
The Conventional Leaky Wave Antenna
For conventional LWAs, the normalized propagation constant β/k 0 − jα/k 0 controls the radiation region (which is also called leaky mode region) bandwidth and the radiation pattern. The normalized propagation constant includes normalized phase constant β/k 0 and normalized attenuation constant α/k 0 , where k 0 is the free space wavenumber. Both of the constants are a function of frequency, as shown in Fig. 1(a) . The function can be obtained by using a rigorous (Wiener-Hopf) solution [22, 23] . The solution is determined by width of the LWA, dielectric constant and substrate thickness. A FR4 substrate is used in this study with thickness H = 0.8 mm, relative dielectric constant r = 4.3, tan δ = 0.02, and width of the LWA W = 16 mm.
The leaky mode region starts from the frequency while β/k 0 is equal to α/k 0 and stops at the frequency when the β is equal to the free-space wavenumber k 0 . According to Fig. 1(a) , the leaky mode region is from 4.3 GHz to 4.9 GHz. In this region, the traveling wave starts to leak power into air, which is also seen as radiation. Moreover, the radiation pattern parameters such as the angle of mainbeam θ m and radiation 3-dB beamwidth ∆θ have relationship with the normalized phase constant and normalized attenuation constant, respectively. θ m and ∆θ can be approximated as following: where L is the length of the LWA and λ 0 the free space wavelength of the operating frequency. Based on (3), the length of the LWA can be determined when 90% of the radiated power is achieved. Although the scanning angle θ m is a function with the phase constant β and wavenumber of free space k 0 , the length of LWA also has relationship with the angle. Table 1 lists the simulated results of the scanning angle θ m with different antenna lengths while the LWA operating at 4.9 GHz. Refering to Table 1 , the maximum scanning angle becomes smaller while the antenna length is shorter. In this study, for the antenna size consideration, we implement the short length LWA. However, the back lobe level becomes worse since the length of the antenna is too short that most of the input wave is unable to leak to air. Then, the non-leaked wave is reflected at the LWA edge, which causes the back lobe. Fig. 1(b) shows the simulated radiation pattern results of the conventional short LWA of which the length is 84 mm (1.2λ 0 at 4.3 GHz), and the width is 16 mm. Compared with the main lobe, the back lobe is quite large.
To suppress the back lobe, this work firstly utilizes the tapering structure which is one of the most well-known approaches [8] [9] [10] . Since the tapering method increases the normalized attenuation constant and reshapes the current distribution, the back lobe can obtain effective suppression while the LWA is operating in leaky mode. As the simulation results shown in Fig. 2 , the tapering method improves the back lobe level. For lower frequency band (4.3 GHz ∼ 4.6 GHz), the back lobe has been suppressed better than 12 dB. However, the back lobe of higher operating frequency (4.7 GHz ∼ 4.9 GHz) still requires more suppression. Meanwhile, the scanning angle tilts toward broadside since the tapering method reduces width of the LWA and results in the phase constant decreasing in the leaky mode region. Therefore, to suppress the back lobe for higher operating frequency and maintain the original leaky mode region, this study makes the CSRR structure embedded in short tapered LWA for back lobe level improvement.
Complementary Split Ring Resonators
Complementary split ring resonator, the dual counterpart of the split ring resonator, is one of the electromagnetic metamaterials structure which is broadly called left-handed structure [24] . It generates a significant phenomenon which is called stop band. This characteristic can suppress the wave propagation. To be detailed, the CSRR structure has the resonance characteristic, which can be modeled as a resonator circuit composed of a capacitor and an inductor as shown in Fig. 3 , where R 0 is the mean radius of the CSRR, d the width of the CSRR, and g the gap width. The resonance frequency of a single CSRR can be approximately obtained since the perimeter of the single CSRR matches a half guided wavelength as shown in following:
where λ g is the guided wavelength. Since the resonance frequency is related to the perimeter, L r , the dimension of the CSRR can be determined. Moreover, the equivalent lump circuit for a microstrip line with a pair CSRR structure is shown in Fig. 4 . The design parameters are the same as shown those in Fig. 3(a) . The new introduced parameter, s, is the spacing between the two CSRR. Figure 5 (a) displays the simulated insertion loss with different gap values, and L r is fixed to 14.7 mm, or about 1/2λ g of 4.9 GHz. Based on the result, the resonance frequency depends on the value of gap. Since the gap value is related to the capacitance and inductance of the equivalent circuit of the CSRR structure, although L r is fixed, the resonance frequency is changed with different gap values. According to Fig. 5(a) , the resonance frequency is varied from 4.5 GHz to 5 GHz as the gap is varied from 1.5 mm to 0.5 mm. However, the other parameter of the single CSRR, d, has slight effect on the resonance frequency. width cases have insignificant effect on resonance frequency since the width, d, is independent of the resonance frequency of the CSRR structure. As mentioned in (4), the resonance frequency is unrelated with width, d. For the other parameter of the whole CSRR structure, the spacing, s, it is related to the mutual inductance between the two CSRRs. Referring to the equivalent lump circuit shown in Fig. 4 , the mutual inductance, M , is related to the resonance frequency of the whole CSRR structure. Fig. 5(c) shows the simulated insertion loss with different spacings. Here, the perimeter, L r , is still fixed at 14.7 mm. According to the results, the resonance frequency shifts to higher frequency while the spacing is increased. Because the spacing is inversely proportional to the mutual coupling effect, the coupling factor and mutual inductance are also inversely proportional to the spacing. Therefore, the resonance frequency of the whole CSRR structure is also inversely proportional to the spacing. 
Short Tapered Leaky Wave Antenna Design with Complementary Split Ring Resonator
The configurations of the two proposed LWAs are shown in Fig. 6 . The two antennas are short tapered LWAs embedded with CSRR structure. Both of them are printed on a 0.8-mm-thick FR-4 substrate. The dielectric constant ( r ) and loss tangent (tan δ) are 4.3 and 0.02, respectively. The difference between these two designs is the position of the CSRR structure. For the first design, the CSRR structure is located at the ground plane as shown in Fig. 6(a) . The other is similar to the first design except the position of the CSRR structure which is on the antenna structure plane, as shown in Fig. 6(b) . The length of both proposed LWAs is 84 mm, which is about 1.2λ 0 at 4.3 GHz. The antenna width is tapered from 16 mm (W 1 ) to 13.5 mm (W 2 ) in order to improve back lobe level at lower frequency band. The other design parameters are listed in Table 2 .
(a) (b) In this study, the dimension of the CSRR is determined by the resonance frequency which is chosen to be around the higher operating frequency of the LWA to suppress the back lobe of the higher frequency band. Therefore, the average radius of the split ring, R 0 , is chosen to be 2.5 mm; width of the split ring, d, is 1 mm; the gap of the split ring, g, is 1 mm. The perimeter of the split ring (L r ) is about 14.7 mm, which is about λ g /2 of 4.9 GHz to suppress the back lobe at higher operating frequency.
The current distribution of the short tapered LWAs with and without CSRR structure simulation results comparison are demonstrating in Fig. 7 that all of the antennas are operating at 4.9 GHz. According to the results, the current is concentrated at the CSRR structure so that the backward wave which causes the back lobe can be decreased effectively.
For the design parameters, the mean radius, R 0 and gap, g, of the CSRR structure dominate the resonance frequency as mentioned in (4). These two parameters are closely correlated with the equivalent inductor and capacitor as shown in Fig. 3. Fig. 8 displays the simulated radiation pattern results with different gap cases in which the perimeter, L r , is fixed at 14.7 mm. According to the results, the gap is chosen to be 1 mm in this study to obtain effective back lobe suppression which is better than 12 dB. For the other different gap cases, the back lobes are worse than 10 dB. Although the perimeter has been fixed, the back lobe is still influenced. Since the current distribution is highly interfered by the CSRR geometry, the gap of the CSRR is one of the important factors that can improve the back lobe level. As shown in (4), the width, d, of the CSRR structure has no relationship with the resonance frequency, as shown in Fig. 5(b) . However, the width, d, of the CSRR structure has effect on the back lobe suppression. Fig. 9 displays the simulated radiation pattern results with different widths for both cases. Since the current distribution has been disturbed by adding the CSRR structure, the width of the CSRR is related to the current distribution. The influence of the narrow width is rather slight, so the back lobe is still quite large; however, the wider width decreases the back lobe suppression. According to the results, the back lobe can be suppressed effectively, better than 12 dB at d = 1 mm.
The spacing, s, between the two single CSRR structures is another design parameter in this study. The two single CSRR structures have coupling effect with each other; therefore, the mutual coupling factor depends on the spacing of these two CSRRs. According to Fig. 5(c) , the resonance frequency is about 4.8 GHz while the spacing is 0.4 mm. Since the spacing affects the resonance frequency of the whole CSRR structure, the value of the spacing also has effect on the back lobe suppression of the short tapered LWA. Figs. 10(a) and 10(b) show the simulated radiation pattern with different spacings for the CSRR structures at ground plane and on antenna plane, respectively. From the results, the back lobe obtains effective suppression while the spacing is about 0.4 mm.
Finally, the distance between the open-end edge of the LWA and the CSRR structure, L p , has significant effect on back lobe suppression. Figs. 11 and 12 show the simulated radiation pattern results 
with different L p . According to the results, the back lobe can be suppressed effectively while the distance L p is chosen to be 7 mm which is about 1/4λ g of 4.7 GHz away from the open-end edge of the LWA. The reason is described as following. The input wave feeds at input port of the LWA and propagates on the LWA. When the propagating wave delivers to the CSRR structure, some of them reflect back and some continues to propagate to the open-end edge of the LWA. Once the remaining wave propagates to the open-end edge, it also generates reflection at the edge. Both of these reflected waves will cause the back lobe since these waves are the backward waves. However, these two reflected waves can counteract each other while the CSRR structure is at a suitable position. When the distance between the CSRR structure and the open-end edge of the LWA is chosen to be about 1/4λ g , the back lobe of higher frequency band can be suppressed effectively. Since the reflected wave caused by the open-end edge of the LWA propagates about 1/2λ g longer path, the phase difference between this wave and the reflected wave caused by the CSRR structure is about 180 • . Therefore, the two reflected waves cancel each other, and the back lobe can be suppressed. Compared with other distance conditions, the back lobe is unable to be suppressed effectively, as displayed in Fig. 11 . 
RESULTS
In this section, the measurement results of the short tapered LWA with CSRR structure are demonstrated. The two proposed antennas are fabricated as shown in Fig. 13 and Fig. 14 . The return loss results are measured by Vector Network Analyzer (Agilent 5230A), and the radiation pattern results are obtained by an anechoic chamber as shown in Fig. 15 . The simulation and measurement normalized radiation pattern results are shown in Fig. 16 and Fig. 17 for the CSRR structures at ground plane and on antenna plane, respectively. These figures show the pattern when the antenna is operating at 4.3 GHz, 4.5 GHz, 4.7 GHz and 4.9 GHz. The measured radiation pattern results highly agree with the simulation ones. Meanwhile, the measurement results show that the back lobe has been suppressed better than 12 dB for the whole operating frequency band. It is shown that the CSRR structure can improve the back lobe level effectively. The comparison between simulation and measurement of maximum gain and return loss is illustrated in Fig. 18 . There is good agreement between the simulated and measured results. The average measured antenna gains is about 5.4 dBi and 5.34 dBi for the CSRR structures at ground plane and on antenna plane, respectively. Meanwhile, the measured impedance bandwidth of these two proposed short tapered LWA designs for 7-dB return loss is from 4.3 GHz to 4.95 GHz. Table 3 shows the back lobe level comparison results.
The results indicate that the back lobe level has been improved better than 12 dB for the short (only 1.2λ 0 ) tapered LWA by utilizing the CSRR structure. Both of the proposed short tapered LWAs have high back lobe suppression even operating at higher operating frequency. 
CONCLUSION
In this paper, two novel short tapered LWAs with CSRR structure are proposed. The CSRR structure provides influence on the current distribution of the LWA. Firstly, the dimension of CSRR structure is related to the ability of the back lobe suppression. Secondly, the position of the CSRR structure is also a significant factor for suppressing back lobe. According to the measurement results, the 7-dB impedance bandwidth can be covered from 4.3 GHz to 4.95 GHz with the CSRR structure for both of the proposed antenna. The average measured antenna gains are about 5.4 dBi and 5.34 dBi for the CSRR structure on ground plane and antenna plane designs, respectively. The scanning angle of the measured main beam is about 34 • , which covers the range from 10 • to 44 • . Furthermore, this proposed short tapered LWA structure with length only about 1.2λ 0 at 4.3 GHz successfully suppresses the back lobe level better than 30 dB for operating frequency of 4.3 GHz and 13 dB for operating frequency of 4.9 GHz. For the whole operating frequency band, the back lobe level has been improved better than 12 dB for a short tapered LWA by the CSRR structure. To the authors' knowledge, this is the first publication using CSRR structure embedded to LWA design to improve back lobe suppression.
